1975.-It has been established that H+ secretion can be maintained in frog stomach in the absence of exogenous CO2 by using a nutrient bathing fluid containing 25 mM H$Q (pH "! 4.5) or by lowering the pH of a nonbuffered nutrient solution to about 3.0-3.6. Exogenous CO* in the presence of these nutrient solutions uniformly caused a marked decrease in H+ secretion, PD, and short-circuit current (IBc) and an increase in transmucosal resistance (IZ). Elevation of nutrient [IL+] to 83 mM reduced I? significantly but transiently without change in H + when nutrient pH < 5.0, whereas R returned to base line and H+ increased when nutrient pH > 5.0. Acidification of the nutrient medium in the presence of exogenous CO* results in inhibition of the secretory pump, probably by decreasing intracellular pH, and also interferes with conductance at the nutrient membrane. Removal of exogenous CO2 from standard bicarbonate nutrient solution reduces by 50 y0 the H+, PD, and ISc without change in R; U-free nutrient solutions reverse these changes in ISc and PD but not in H+. The dropping PD and rising R induced by K+-free nutrient solutions in 5% CO2 -95 % 02 are returned toward normal by 100% 02. Our findings support an important role for exogenous CO2 in maintaining normal acid-base balance in frog mucosa by acting as an acidieing agent.
mucosa. Am. J. Physiol. 229(3) : 721-730. 1975.-It has been established that H+ secretion can be maintained in frog stomach in the absence of exogenous CO2 by using a nutrient bathing fluid containing 25 mM H$Q (pH "! 4.5) or by lowering the pH of a nonbuffered nutrient solution to about 3.0-3.6. Exogenous CO* in the presence of these nutrient solutions uniformly caused a marked decrease in H+ secretion, PD, and short-circuit current (IBc) and an increase in transmucosal resistance (IZ). Elevation of nutrient [IL+] to 83 mM reduced I? significantly but transiently without change in H + when nutrient pH < 5.0, whereas R returned to base line and H+ increased when nutrient pH > 5.0. Acidification of the nutrient medium in the presence of exogenous CO* results in inhibition of the secretory pump, probably by decreasing intracellular pH, and also interferes with conductance at the nutrient membrane. Removal of exogenous CO2 from standard bicarbonate nutrient solution reduces by 50 y0 the H+, PD, and ISc without change in R; U-free nutrient solutions reverse these changes in ISc and PD but not in H+. The dropping PD and rising R induced by K+-free nutrient solutions in 5% CO2 -95 % 02 are returned toward normal by 100% 02. Our findings support an important role for exogenous CO2 in maintaining normal acid-base balance in frog mucosa by acting as an acidieing agent. deprivation of CO*; changes in potassium; intracellular pH; exogenous CO2 involves the loss of HCOS-from the cell in exchange for Clof the bathing medium (Z&26,29). In the absence of exogenous CO%, the H+ secretory rate of the in vitro frog stomach can be maintained at control levels by the use of buffered nutrient solutions at pH of about 4.5 or by lowering the pH of nonbuffered nutrient solutions to pH 3. 0-3.6 (22, 27) . Sanders et al. (27) postulated that the recycling of endogenous CO2 is responsible for the normal H+ secretory rates under these conditions. Preliminary experiments in our laboratory indicated that H+ secretion was markedly reduced when CO2 was introduced to tissues with an acidic nutrient medium present. These findings led to a more detailed investigation of the effects of changes in the pH and [HCOa] and [K+] of the nutrient solution with and without alterations in exogenous CO* on secretion of H+ and on the PD and resistance of frog gastric mucosa. Our studies indicate that the reduction in mucosal conductance induced by acidification of the mucosa can be ameliorated by high concentrations of K+ in the nutrient medium and that the reduction in the PD and short-circuit current (lBO) associated with removal of exogenous CO2 can be obviated by removal of K+ from the nutrient solution.
The important relationship between intracellular pH and K+ concentrations already well established in tissues such as kidney and muscle is now emphasized in the amphibian stomach.
IT HAS BEEN SHOWN that a source of exogenous CO2 is required for the maintenance of a normal rate of H+ secretion by the stomach (3, 6, 27) . D uring steady-state conditions, for every H+ secreted, a HCOSappears in the nutrient bathing solution (4, 12, 13, 32) . There are two possible explanations for this one-to-one relationship.
In the first, CO,; which is essentially the only buffer available for the maintenance of cellular acid-base balance (4, 9), neutralizes the intracellular OHformed when H+ is secreted into the lumen. The absence of COz would result in a rise in intracellular pH. A decrease in the availability of COz induced by inhibition of carbonic anhydrase has been shown in the gastric mucosa to be associated with a rise in intracellular pH (16). In the second scheme, CO2 and Hz0 in the presence of an appropriate source of energy are utilized directly by a H+ pump mechanism located on the luminal membrane to produce H+, which is secreted into the lumen, and HCOa, which is in the cell (2, 7, 17, 21) . Under these circumstances, a decrease in exogenous CO% would result in a decrease in H+ secretion, but an alteration of cellular acidbase balance would not be expected.
It has been proposed that electroneutrality is preserved by a neutral or nonconductive exchange process at the nutrient membrane, which
METHODS
The gastric mucosa from Rana catesbeiana was used in 135 experiments
The mucosa was separated from the muscle coats of the stomach by blunt dissection and was suspended between two Lucite half-chambers. Desired bathing solutions were continually aerated and stirred with a gas-lift circulation system using either 5 % COS-95 % 02 in both chambers or 100% 0% in both chambers. When 100% 02 was employed, the gas was passed through NaOH to remove possible traces of COZ.
The composition of the fluids used as the mucosal (secretory) or serosal (nutrient) solutions is given in ante. The ISc was taken to be the current that reduced the PD across the membrane to zero after 2 min of application of current.
The exposed mucosal surface was 1.96 cm2 throughout.
The rate of secretion of H+ was measured continuously with a Radiometer pH stat. Solution I (120 mM NaCl) was the mucosal solution in all experiments. The pH of the mucosal solution was kept at a constant value between pH 4.5 and 5.0 by the addition of standardized 50 mM NaOH when 5% COZ-95 % O2 was used. When 100% 02 was . substituted, the mucosal pH was kept constant at a pH between 5.5 and 6.0. The titrator was calibrated by the addition of known amounts of HCl to the mucosal chamber while the two chambers were separated by a piece of paraffin paper and while either 5 % CO&5 % 02 or 100 % O2 was used to circulate the fluid. 'As expected from theoretical considerations (27), and using the pH settings described above, the error in calculation of H+ secretion was negligible. introduced into the latter bathing solutions, marked changes occurred with very little alteration in nutrient solution pH (typically a reduction of only 0.142 pH units). As shown in Table 2 , when low-pH phosphate buffer was present with 5 % COZ-95 % 02, there was an invariable reduction of H+ secretion to about 50-60 % of control levels with a large and characteristic rise in mucosal resistance. The PD often increased transiently, but then always decreased gradually while the Iac decreased progressively. These events were observed when the low-pH phosphate buffer was the nutrient medium either immediately after control observations under standard conditions or after switching to 5 % Cog-95 % 02 from 100 % OS while the phosphate buffer was the nutrient solution. Consequently, these data are pooled in Table 2 under period B. After a period of 5 % COa-95% 02 in the presence of phosphate buffer, conversion to 100 % 02 without change of the nutrient solution did not restore H+ secretion (Table 2 , Fig. 1 ). Although there was some apparent recovery of the electrical parameters, these did not reach the 5 % level of significance. A definite "overshoot" in the H+, PD, and Lo was noted when the standard nutrient HCOa-solution replaced the low-pH phosphate buffer either while 100 % 02 was used ( Unbuffred nutrient solution (solution 3). As previously reported (27), the unbuffered nutrient solution while gassed with 100 % 02 maintained a normal PD, IBa, and R for approximately 1 h, whereas the H+ secretion was roughly halved (Table 3 , Fig. 2 ). After 1 h of gassing with 100 % 02, however, the PD and ISa slowly fell while the R and H+ secretion remained relatively steady (Fig. 3 ). Switching to 5 % COZ-95 % O2 was associated with a further decrement in H+ secretion, and electrical changes similar to that induced by low-pH phosphate buffer in 5% COS-95% 02, namely an increasing R, and decreasing PD and IBO (Table  3 , Fig. 2 ). Whereas these changes were noted in each of 12 experiments after a period in which the tissues had been exposed to 100 % 02, they were only encountered in 13 of 27 experiments in which the unbuffered nutrient solution 3 immediately replaced the standard HCOa-nutrient solution during gassing with 5 % COZ-95 % 02. In 10 of these 13 experiments, histamine had been omitted from the nutrient solution; the significance of these changes relative to the state of secretion will be discussed later. Decreasing the pH of the unbuffered nutrient solution to between 2.5 and 3.8 by the replacement of equal volumes of the nutrient solution with an isosmotic solution of HCl in the presence of 5 % COS-95 % 02 (8 experiments) caused a rise in R and after a transient increasein PD, a fall in PD and H+ secretion (Figs. 4 and 5) . Once these effects occurred with either the low-pH phosphate buffer or after the acidification of the unbuffered nutrient medium, washout and replacement with the unbuffered nutrient solution at a pH of about 5.5 did not reverse these findings (Fig. 5 ), whereas replacement with the standard HCOa-nutrient solution did reverse them.
Efkcts of high K+ in prGsGncG of COS. It was of interest to investigate the effect of changing [K+] in the nutrient solution of a tissue exposed to a low-pH nutrient solution for three reasons: a) extracellular acidosis is known to reduce intracellular potassium stores (8, 10, 11, 19, 23) , and potassium is well known as a requirement for gastric secretory function (9); b) the availability of potassium probably influences intracellular acid-base balance; and c) to assess the SILEN, MACHEW, AND FORTE effects of ambient pH on cation conductance. For the general experimental protocol, the effects of high K+ were fkst determined under "standard" control conditions by exposing the well-stabilized tissue to HCOs"-nutrient solution containing 83 mM K+ (solz&wz 6)= After returning the tissue . The most striking changes in R were produced when high K+ was introduced into unbuffered solutions at pH -5.5 (Figs. 4 and 5, Table 4 ). The observed decrease in R and change in PD were rapid and tended toward stabilized values-similar to those observed when high K+ was added to the control solutions.
Moreover, the addition of high K+ to the unbuffered solutions of pH -5.5 also produced some recovery of the H+ secretory rate. When the unbuffered nutrient solution was maintained near pH 3.0, addition of high K+ produced only small decreases in mucosal R, the mean APD was less than half that observed for controls, and H+ secretion continued to decline (Fig. 4 , Table 4 ). Addition of high K+ to mucosa maintained in low-pH phosphate buffer (pH 5.5) nutrient solution produced a much greater, but apparently transient, decrease in R than observed in controls (Fig. 6) . The APD induced by high K+ was less during phosphate buffer than for controls and the H+ rate continued to decline (Fig. 6, Table 4 ). Studies of ej'ect of 100 % 02. In view of the findings observed in the presence of an acidic nutrient medium, it seemed appropriate to investigate the effects of alkalinization of the mucosa. It is reasonable to assume that gassing with 100 % 02 in the presence of the standard HCOS-nutrient solution would produce an intracellular environment much more alkaline than those tissues gassed with 5 % Cot-95 % 02 or exposed to phosphate buffer (1, 28). Table 5 and Fig. 7  demonstrate that gassing both the chambers with 100 % 02 (pH of the nutrient solution 2 rose to between 8.5 and 9.0) caused a significant decrease in H+ secretion, PD, and ISc while the resistance was not affected. In two experiments, acetazolamide, 10 mM in the nutrient medium, produced little or no further changes in H+, PD and ISc (Fig. 7) . The fairly prompt decrease in PD and I,,, which occurred when exogenous CO2 was removed from standard HCOSnutrient solutions, was in contrast to the relative insensitivity of these parameters when unbuffered solutions were gassed with 100% 02 (cf. be responsible. Titration of the unbuffered nutrient solution to pH 9.0 with NaOH while gassing with 100 % 02 produced only a very slight decrease in PD (1 or 2 mV) and ISc (5-10 pA/cm2), and therefore the phenomenon was not one simply related to the pH of the nutrient solution (e.g., see Fig. 3 9), and returned the PD and I,, to control levels while gassing with 100 % O2 continued.
The decreased H+ secretion associated with removal of exogenous CO, was not reduced further by either of the K-+-free solutions.
In 13 other experiments while gassing with 5 % Cog-95 % 02, removal of K+ from the nutrient medium was accomplished by repeated washout of the nutrient chamber with either K-+-free unbuffered nutrient solution (7 experiments) or K+-free HCOS-nutrient solution (6 experiments). Both K+-free solutions produced a transient increase in PD and Isc followed by a gradual decline of these parameters as observed by others employing low-K+ solutions (14, 15). The resistance rose to very high levels, which persisted for as long as 6 h in tissues in which the PD and Isc were slowly falling. The H+ secretion also fell gradually and in many instances ceased after 60 min of exposure to the K+-free solution. In every instance when the gas phase was changed from 5 % COZ-95 % O2 to 100 % 02, an increase in both PD and I,, occurred while the R gradually returned to control levels (Fig. 8) . The mean increase in I'D and I,, was 13.8 =t 2.3 mV and 39.6 =t 8.8 pA/cm2, respectively, and the mean decrease in R was 166 + 24.8 -cm2 (13 experiments). These changes in electrical measurements lasted at least 30-60 min. Reversal of the order of change in the gas or the nutrient solution did not alter the observed results. Thus, removal of K+ from the standard HCOS-nutrient solution reversed the effects of 100 % O2 on the PD and &, whereas alkalinization of the mucosa by removal of exogenous CO2 ameliorated the effects of K-+-free solutions on the PD, Isc, and R.
Alkalinization achieved by conversion of the nutrient solution from the K+-free unbuffered to the K+-free HCOSsolution also obtunded the effects of K-+-free solutions on the electrical parameters (Fig. 8) . When the PD and I$c began to fall and the R to rise in the Kf-free unbuffered nutrient solution after prolonged gassing with 100 % 02, replacement with K-+-free HCOSnutrient solution caused a return of PD, &, and R to almost normal levels for 30-60 min (3 experiments).
The same restorative changes were observed when K+-free standard HCOS nutrient solution replaced the K+-free unbuffered solution while gassing with 5 % CO2-95 % 02 (3 additional experiments). The changes in H+ secretion induced by alkalinization of the tissue under K+-free conditions were not as consistent as the electrical changes, but are nevertheless of interest. In three experiments with K+-free unbuffered nutrient solution (no. 8), H+ secretion returned to an average of 3.7 peq/cm2 per h (average control 4.5 ,ueq/cm2 per h) after conversion to 100 % 02 from 5 % C02-95 % 02, even though secretion had ceased prior to the 100 % 02. In three other experiments, a marked increase in secretion was observed while continually gassing with 100 % O2 when the nutrient solution was changed from the K+-free unbuffered solution (no. 8) to the K+-free HCOS-solution (no. 9) (see Fig. 8 ). Removal of exogenous CO2 was not as successful in enhancing secretion after the tissue had been repeatedly washed with the K-+-free HCOSsolution.
In six experiments, a slight but definite increase in H+ secretion was noted when the gas was changed to 100 % 02, but in six other studies secretion did not begin again with 100 % 02 after it had stopped completely in 5 % C02-95 % 02. In the latter six experiments, commensurate with the observations described above, 100 % 02 reversed the electrical changes induced by the K+-free solutions. we should also review the problem of how the mucosa might resist or be insensitive to low pH on the nutrient side when exogenous CO2 is not present (e.g., low-pH phosphate buffer nutrient solution-100 % 0,). As long as the tissue is actively secreting H+, an equivalent amount of OH-must be originally present at the intracellular pump site (see Fig. 9B ). When the nutrient pH is low (say, pH 4.5-5.0), a relatively slow permeation of H+ from the nutrient medium would not be able to acidify the cytoplasm in the face of an abundant OH-production. Egress of the excess equivalents of alkali from the cell could occur through the HCOS--Cl-exchange mechanism and the recycling of the endogenous supply of COS, as proposed by Sanders et al. (27) ; thus optimal secretory rates could be maintained (Fig. 9B) . The entire scheme could be vastly upset by 1) the rapid access of H+ from the nutrient solution, or 2) the diminution or inhibition of the H+/OHpump. In the first case, increased H+ entry could be accomplished by a large rise in nutrient [H+] or by providing a rapidly diffusible species of H+, such as CO2 or H&03. The present experiments provide evidence for the penetration of an acid as either CO2 or H&O3 because at nutrient pH 4.5-5.0 the presence of 5 % COZ, which is well tolerated at pH 7.4, produces a general decrement in the secretory and electrical parameters of the tissue. In the second mechanism described above, even low rates of H+ penetration from the nutrient medium would eventually acidify the cytoplasm if equivalents of OH-from the secretory pump did not act to compensate (Fig. SC) by alkalinization of the cell (3 1). The lack of effect of acetazolamide on the PD in our experiments on tissues already exposed to 100 % 02 suggests that the effects of the two conditions might be mediated by the same mechanism. Respiratory or metabolic alkalosis has been shown to increase intracellular K+ (8, 10, 11, 19, 23) . Whether changes in intracellular K+ are in some way responsible for reduction in PD and Isc when the bubbling gas is 100 % 02 in the presence of the standard Ringer nutrient solution is conjectural.
It is of interest that removal of K+ from the nutrient medium, which would tend to cause intracellular acidosis (8, 10, 23, 28) , restores the PD and I,, which are reduced in the presence of 100 % 02.
Our investigations indicate that the lowering of the PD and Iso when 100 % 02 was used to gas the frog mucosa in HCOs--containing solution were not simply related to a rise in pH of the serosal medium (Fig. 3) and high pH, and it is possible that the combined effect of these conditions has some special relevance to the HC03--Cl-exchange system. Not only are changes in acid-base balance associated with shifts of intracellular K+, but alterations in availability of K+ may in themselves influence intracellular pH. Indirect evidence suggests that depletion of K+ lowers intracellular pH (8, 10, 20, 28). 0 ur findings that gassing with 100 % 02 SILEN, MACHEN, AND FORTE causes a reduction of the elevated transmucosal R and restores the PD to normal in the presence of K+-free nutrient solutions are consistent with the suggestion that the removal of exogenous CO2 alkalinizes the cell which has become acidotic as a result of K+ depletion.
These suggestions are currently speculative but are in agreement with wellestablished findings in organs other than the stomach.
